The 13 C value of a C 3 plant is influenced by the species' response to its environment, which is subject to natural changes with space and time. This paper reviews the magnitude of the resulting variations in plant 13 C values-the differences between species, and the variations at different spatial and temporal scales-with particular emphasis on studies of tree wood. Because of these variations, any attempt to estimate the absolute 13 C values of a plant food resource at a particular place and time in the past, even when based on analysis of archaeological plant remains, will be subject to uncertainties. Uncertainties due to a single factor are commonly 1‰, and in many cases a combination of factors will lead to uncertainties of at least 2‰. Many of these factors are also relevant to archaeological studies based on differences between the 13 C values of different individuals or populations of animal/humans. Where such differences are only a few per mil it may be difficult to unambiguously ascribe them to palaeodietary, rather than to palaeoenvironmental, causes.
Introduction
A wide variety of land-based studies of climate change (through the analysis of fossil plants, palaeosols, speleothems, etc.) and the palaeodietary habits of animals and humans use 13 C/ 12 C ratio analyses. In these, land plants are the subject of study, or have a major role in the geochemistry of the system, or constitute the base of the major food web. Since C 3 plants are the dominant, or in many areas the only form of vegetation, knowledge of their 13 C/ 12 C ratios is often fundamental to such studies.
At the present time the 13 C values of C 3 plants range from typically 34 to 22‰, with a modal value of 27‰ (O'Leary, 1995) . Within this range, however, individual species at any particular site can exhibit local spatial and short-term temporal variations, and there are differences between species. The 13 C values of modern plants, moreover, have been influenced by changes in the 13 C/ 12 C composition of atmospheric CO 2 due to human activity over the past 200 years, so the overall range and modal 13 C values for C 3 plants were probably different in the past.
These variations and changes in the 13 C values of plants are particularly relevant to the use of 13 C/ 12 C ratio analysis in palaeodietary studies because, in C 3 areas these studies often rely on interpreting differences of only a few per mil between populations (Bocherens, Fizet & Mariotti, 1994; Bocherens et al., 1995; Fizet et al., 1995; Stott & Evershed, 1996; Iacumin et al., 1997) . Such differences might reflect differences in diet, or they might reflect differences in the climate/environment affecting the 13 C values of the vegetation.
The importance of climate in influencing the 13 C values of plants, and therefore those of animal and human remains, has been illustrated by van Klinken, van der Plicht & Hedges (1994) , and van Klinken, Richards & Hedges (in press) . They demonstrated that part of the variations in the 13 C values of Holocene charcoal, wood and bone samples across Europe could be accounted for by regional variations in climate, and that correcting for climate differences could improve dietary comparisons based on the 13 C/ 12 C analysis of bone. In this approach, however, only broad, long-term regional effects of climate are accounted for. If palaeodietary interpretations are to be based on 13 C differences of only a few per mil, there is a need to appreciate the magnitude of plant 13 C/ 12 C variations at a variety of spatial and temporal scales, and differences between plant species. These are summarized here, with a view to addressing the following question: what uncertainties might be associated with any attempt to estimate the ''typical'' 13 C value of a specific C 3 plant food resource, at a particular place and time in the past? ''Typical'' is taken to be the average 13 C value of the food over the territory and life time of an animal or human, e.g., 100-1000 km 2 , and 10-40 years. Uncertainties will be related to: (1) variations ( ) from the average for samples within the territory/life time population; (2) differences between the food part and other parts of a plant, or between different plant species/forms; and (3) changes in the territory/life time average with space and time.
Environmental Controls on Plant

C Values
Background
The theoretical basis for the manner in which environmental factors can influence the 13 C values of C 3 plants has been developed and reviewed elsewhere (Vogel, 1980; O'Leary, 1981 O'Leary, , 1995 Farquhar, O'Leary & Berry, 1982; Farquhar, Ehleringer & Hubick, 1989; Schleser, 1995) . Discussions commonly focus on the equation:
where a is the isotopic fractionation during diffusion of CO 2 through the stomata (4·4‰), b is the isotopic fractionation during carboxylation (perhaps 30 2‰ for Rubisco (van Caemmerer & Evans, 1991) , and averaging c. 27‰ for C 3 plants); p i is the concentration of intercellular CO 2 ; and p a is the concentration of ambient atmospheric CO 2 : d includes a number of other effects which may vary slightly for different species, but are generally assumed to be fairly constant for any particular species (Farquhar et al., 1989; Raven & Farquhar, 1990; O'Leary, 1995; Gillon & Griffiths, 1997) . In equation (1) it is essentially only p i , the intercellular CO 2 concentration, that is under the direct control of the plant. If environmental factors cause the plant to increase its stomatal conductance and/or decrease its carboxylation rate, then the resulting increase in p i will produce a lower 13 C p value (equation (1)). The principal environmental factors influencing stomatal conductance and carboxylation rates, and hence 13 Cp, are those most commonly associated with photosynthesis: light, nutrients, temperature, and water availability (Farquhar et al., 1989; Tieszen, 1991; O'Leary, 1995) . In many cases their overall effect on 13 C p cannot be unambiguously predicted: the significance of an environmental factor will often depend on the degree to which it limits photosynthesis; and the factor may influence both the stomatal conductance and the carboxylation rate, in a manner such that they have an opposing effect on 13 C p .
Light, nutrients, and temperature
If it is otherwise limiting, an increase in light will tend to increase carboxylation and increase 13 C p . Thus doubling light intensity during the growth of wheat and banana resulted in a c. 1‰ increase in the 13 C values of leaf organic matter (O'Leary, 1995; Yakir & Israeli, 1995) ; and a large number of studies have demonstrated that low light levels are the main cause of plant 13 C values being several per mil lower below dense forest canopies (see below).
Soil nutrient levels may effect carboxylating enzyme activity, and positive correlations between plant 13 C values and leaf chlorophyll or nitrogen contents have been observed in natural systems (Hill, Handley & Raven, 1996; Sparks & Ehleringer, 1997) . The chemical form of nitrogen may also effect 13 C values by altering the extent of non-Rubisco carboxylation, with a maximum effect of c. 2·5‰ for plants assimilating nitrate in their shoots (Raven & Farquhar, 1990; von Caemmerer & Evans, 1991) . Increased soil salinity commonly causes stomatal closure in non-halophytic plants, with a consequent increase in 13 C values (Guy, Reid & Krouse, 1986; Farquhar et al., 1989; Alpha, Drake & Goldstein, 1996) . Some recent 13 C correlations with temperature for natural systems, largely based on the study of tree rings and corresponding meteorological records, are summarized in Table 1 . In all the tabulated cases 13 C values and temperature are positively correlated. It must, however, be accepted that there is no firm theoretical basis for such a relationship, and that several other factors are relevant: (1) a tree's response to increasing temperature may largely depend on whether the tree is growing at the colder or hotter limit of its climatic range; and (2) it is often difficult to separate effects due to temperature alone, from a variety of other interrelated climatic effects. Some closely controlled growth-chamber studies have shown 13 C values decreasing with increasing temperature (O'Leary, 1995) Water availability Plants close their stomata in response to decreased water availability and, unless carboxylation rates decrease by similar amounts, the reduction in p i causes an increase in 13 C p . Most controlled growth studies on crop plants have demonstrated the anticipated negative correlation between plant 13 C values and water availability, and studies of natural systems have also consistently shown that plant 13 C values become higher with increasing aridity (O'Leary, 1995; Schleser, 1995; Stewart et al., 1995) . A number of 13 C correlations with climatic factors related to water availability in natural systems are shown in Table 1 .
Much of the data in Table 1 are based on particular species of trees. In all cases there is the anticipated negative correlation with factors influencing water availability, e.g., typically 0·1‰ per % relative humidity. It must be recognized that the weather station data used in many of the studies in Table 1 will only provide an approximate indication of the microenvironment operating at the plant scale. In addition, it is the water availability in the leaf that influences 13 C p . This availability depends not only on the rainfall input of water to the soil, but also on the physical structure of the soil (influencing drainage characteristics), the rooting depth of the plant, resistance to the movement of water along the plant xylem (''branch length'' effect; Waring & Silvester, 1994; Panek & Waring, 1995) , and the rate of evaporation from the leaf surface. Where site-specific determinations of factors such as soil water potential and transpiration are used as indicators of water availability, and account taken of branch length effects, r 2 coefficients for the negative correlation between the 13 C values of trees and water availability are often improved (Table 1) .
The range of 13 C values displayed by a particular species of tree or other plant, in response to a change in water availability, will obviously only extend over the range of climatic/environmental conditions in which that plant can grow. Outside these conditions the plant will be replaced by a better adapted species. Some studies of the response of whole plant communities, sampled over large geographic regions with a wide range of climate, are shown at the bottom of Table 1 . Schulze et al. (1996 Schulze et al. ( , 1998 have suggested that, over these large ranges in climate, species replacement may act to reduce the overall range of 13 C values exhibited by the average plant community. Thus on a c. 900 km aridity transect across northern Australia 13 C values of a particular species tended to increase with decreasing rainfall as expected. However, when a species was replaced, the new (more drought-tolerant) species had 13 C values initially lower than those of the replaced species (Schulze et al., 1998) . The net effect was that the average 13 C value of the plant community at a particular site varied very little for sites having rainfall between 1800 and 450 mm (Table 1) .
Spatial Variations Within and Between Plants
Different plant parts Most of the data for 13 C variations in modern plants are based on the analysis of whole leaves. In palaeodietary terms, however, other parts of a plant may be more commonly preserved (e.g., woody tissue) or more Stuiver & Braziunas (1987) ; 3, Lipp et al. (1991); 4, van Klinken et al. (1994) ; 5, Switsur et al. (1994); 6, Sonninen & Jungher (1995); 7, Hemming et al. (1998); 8, McNulty & Swank (1995); 9, Panek & Waring (1995) ; 10, Livingston & Spittlehouse (1996) ; 11, Stewart et al. (1995) ; 12, Schulze et al. (1996); 13, Schulze et al. (1998). important as food (e.g., seeds, roots). Whereas 13 Cp in equation (1) refers to the bulk carbon in a plant, different biochemical components have different 13 C values (typically 13 C (carbohydrate)> 13 C (protein)> 13 C (lipids)) with differences between carbohydrates and lipids being several per mil (O'Leary, 1981; Tieszen, 1991) . The bulk 13 C value of plant tissue will therefore depend on its composition. In addition, parts of a plant forming at a specific time of year (e.g., seeds) may contain carbon fixed when environmental conditions were different from those under which most of the plant formed. Thus, tissues or organs from the same plant (e.g., tree wood cf. leaves, wheat seeds cf. straw) may exhibit 13 C values which differ by 1-2‰ (Deines, 1980; Leavitt & Long, 1986; O'Leary, 1995; Heaton & Jones, 1998, unpubl. data) .
Trees and the ''canopy effect''
Large spatial variations in 13 C values are also found among leaves within individual trees-both where they grow in natural forests and, in some cases, as isolated free-standing trees (Vogel, 1978; Medina & Minchen, 1980; Schleser & Jayasekera, 1985; van der Merwe & Medina, 1989; Broadmeadow & Griffiths, 1993) . In both these environments there is typically a 3-4‰ increase in 13 C values from near ground level to a total tree height of perhaps 20 m, i.e., a gradient of c. 0·15-0·2‰/m Similar changes in 13 C over shorter heights-with gradients of up to 0·5‰/m-can be found in the very dense canopies of plantations (Broadmeadow & Griffiths, 1993; Heaton & Crossley, 1995;  Figure 1(a) ). In addition to variations with height, recent studies have also indicated that the 13 C values of tree leaves may be influenced by the length of their supporting branches-with leaves on a 10 m long branch having 13 C values up to 4‰ higher than those of leaves on a 2 m long branch (Waring & Silvester, 1994; Panek & Waring, 1995) .
The causes of these variations in free-standing trees are not fully understood. The ''branch-length'' effect is probably due to the branch xylem's resistance to water conduction, which will tend to decrease the supply of water to leaves at the end of longer branches (Waring & Silvester, 1994; Panek & Waring, 1995; Panek, 1996) . Water supply, amongst other factors, may also be partly responsible for the vertical gradients in leaf 13 C in some trees (Broadmeadow & Griffiths, 1993) . In addition to their vertical gradients, the average 13 C values for the leaves of forest trees, and the values for the leaves of shorter plants growing on the forest floor, are commonly 2-5‰ lower than the 13 C values for free-standing trees and shorter plants growing in neighbouring, open areas (Schleser & Jayasekera, 1985; van der Merwe & Medina, 1989 , 1991 Tieszen, 1991; Broadmeadow & Griffiths, 1993; France, 1996) . These overall lower 13 C values for forest plants, and the vertical gradients in forest trees, are ascribed to a ''canopy effect''. For some trees, and particularly for shorter plants growing closer to the ground, this effect may be partly due to the re-assimilation of 13 Cdepleted CO 2 derived from respiration and/or soil decomposition (Vogel, 1978; Sternberg, Mulkey & Wright, 1989; van der Merwe & Medina, 1989; Medina, Sternberg & Cuevas, 1991; Sonesson, Gehrke & Tjus, 1992) . In most recent studies of vertical 13 C gradients in trees, however, other effects-notably an increase in p i towards the ground resulting from the greatly reduced levels of light below the canopy-appear to be of greater importance (Schleser & Jayasekera, 1985; Broadmeadow & Griffiths, 1993; Buchman et al., 1997) .
Tree wood
Studies on canopy effects are largely based on the analysis of leaves. In contrast, relatively few studies have looked at the within-tree variations in the 13 C/ 12 C composition of trunk, and especially branch wood-materials that will tend to be common as archaeological plant remains. Figure 1 displays the 13 C values of the trunk and branch wood of two trees in a Sitka spruce plantation, where canopy effects are exaggerated by artificially dense growth. For the trees growing within the plantation this has led to marked vertical 13 C gradients of c. 0·5‰/m for the needles (Heaton & Crossley, 1995;  Figure 1(a) ). Vertical variations in the trunk wood, however, are much smaller; with a range of less than 1‰, and no evidence of a consistent gradient, over most of the trunk height (Figure 1(a) ). Variations around the circumference of the Sitka trunks are also small (Heaton & Crossley, 1998, unpubl. data) . These patterns are consistent with data for trees in natural forests, where the spatial variation of trunk-wood 13 C values, with height and circumference, typically ranges over only 0·5-1·5‰ (Leavitt & Long, 1986; Schleser, 1992; Robertson et al., 1995) . Schleser (1992) suggested that the vertical consistency in the 13 C values of trunk wood, compared with leaves, probably reflects carbon translocation. Most of the photosynthetic fixation of carbon occurs in the upper part of a tree, exposed to the greater amount of light, and it is predominantly this carbon that is translocated along the upper branches and down into the trunk to support wood formation along its whole length. The trunk wood therefore has uniform and relatively high 13 C values reflecting the high 13 C values of photosynthates produced at the top of the tree (Schleser, 1992 ; Figure 1(a) ).
Although carbon fixed in the upper parts of a forest tree may be the main source for wood formation in the upper branches and the whole trunk, the wood in lower branches can contain carbon derived from the branch's own leaves. Near the ground, these have low 13 C values. In a forest beech tree this resulted in a wide range of values for wood over the length of the lower branches:
13 C values were similar to those of trunk wood at positions close to the trunk, but dropped by up to 5‰ towards the tips of the branches (Schleser, 1992) . The influence of leaves on the 13 C value of wood in their supporting branches is clearly demonstrated by the Sitka of Figure 1 . For the tree growing within the plantation (Figure 1(a) ) the branch-wood 13 C values increase with height, with a gradient similar to that of the needles. In the lower levels of the tree this has resulted in branch wood only 30 cm from the trunk having 13 C values up to 3‰ lower than the adjacent trunk wood. These differences between branch and trunk wood are substantially reduced on the side of a tree exposed to light along its whole height (Figure 1(b) ), confirming that the spatial variations in branch wood seen in Figure 1 (a) are due to canopy effects.
Intra-population variations
Individual plants of the same species, growing at the same site, may exhibit different 13 C values for a variety of reasons: (1) any natural site may be expected to have spatial differences between the microenvironments occupied by individual plants, particularly with regard to soil and topographic properties influencing water availability; (2) genetic diversity within a natural population of a plant species may cause slight differences in the way that individual plants control p i in response to their environment (Handley et al., 1994; Schleser, 1995; and below) ; and (3) Donovan & Ehleringer (1992) found a c. 3‰ increase in the 13 C values of a tall shrub during development from seedling to juvenile to large adult, and suggested that a plant's p i response to the environment may also change during its life history.
These factors result in intra-population variations in 13 C values for plants of the same species growing at the same site. On the basis of a large number of studies where several individuals of a particular species have been analysed-as samples collected at the same time over an area of perhaps a few hectares-it appears that the variations (2 ..) are typically c. 0·8 to 1·5‰, and may be larger in stressed (e.g., arid) regions.
Short-term Temporal Variations (Within-species)
Seasonal or annual variations in the 13 C values of plant materials in natural systems are shown in Table 2 . Variations of 1‰ are not uncommon, and reflect the climatically induced variations in environmental conditions, together with possible changes in the plant's physiology during the growing season. It might therefore be anticipated that seasonal variations in plant 13 C values should be larger than mean year-to-year variations. The fact that this is not reflected in Table 2 is probably due to the difficulty in obtaining plant material that only contains carbon fixed during a particular season.
Differences Between Species and Forms
Several studies have indicated that there may be a consistent ranking of the 13 C values of plants of different species or forms in the same geographical area. Data are summarized in Table 3 . Typically, woody plants have higher 13 C values than herbaceous plants, and in many cases different forms have average 13 C values differing by 2‰ or more. At the species level these differences will reflect different physiological responses to environmental factors influencing stomatal conductance and carboxylation rates, and hence p i . Indeed, strong genetic influences on p i are also found among different varieties of the same species (Farquhar et al., 1989; Schleser, 1995) . In some arid environments 13 C values appear to be ranked according to the life span of plants (e.g., annuals, short-lived and long-lived perennials; Table 3 ), which may reflect adaptive and rooting-depth strategies to the seasonal availability of water (Smedley et al., 1991) . The great rooting depth of trees may also have an influence on their 13 C values.
The ''other effects'' represented by parameter d in equation (1) include those related to the conductance of CO 2 from the sub-stomatal cavity to the site of carboxylation (Farquhar et al., 1982; O'Leary, 1995) . This conductance may differ between species and genotypes, and lower conductance has been proposed as a cause of higher 13 C values for evergreen compared with deciduous trees (Table 3; von Caemmerer & Evans, 1991; Lloyd et al., 1992) . Inhibition of CO 2 conduction through films of water coating the thalli of some species of lichen may contribute to their very high 13 C values (Table 3 ; Maguas et al., 1993) .
Regional Changes
Van Klinken et al., (1994, in press ) report 13 C values for Holocene charcoal samples from across Europe. The extreme range in 13 C-between Scandinavia and Spain-is only 2‰, and can be accounted for in terms of a response to changes in the regional climate (reference 4 in Table 1 ). However, these data are necessarily averaged, over several thousand years, on per-country scales of the order of 10 5 km 2 . In terms of the feeding territory of animals/humans, it is probably more relevant to consider the spatial changes in plant 13 C values that might occur over areas of 100-1000 km 2 . Over this scale areal changes in overall climate (temperature, rainfall/humidity) are likely to be relatively small, with local changes in micro-climate/environment being most dependent on differences in soil type, topography, and elevation.
Differences in the moisture/drainage characteristics of soils, produced by soil type and/or topographic Switsur et al. (1994) ; Robertson et al. (1996) ; 4, Sonninen & Jungner (1995) ; 5, Livingston & Spittlehouse (1996); 6, Flannagan et al. (1996); 7, Smedley et al. (1991); 8, Rundel & Sharifi (1993); 9, Handley, Odee & Scrimgeour (1994) ; 10, Welker et al. (1995); 11, Heaton & Jones (1998, unpubl. data) ; 12, Mole et al. (1994) .
variations have been found to produce changes in the 13 C values of plants at a number of locations: 0·3-0·7‰ for oak trees in England and Finland, and juniper in Scotland (Hill et al., 1996; Robertson et al., 1997a,b; Robertson, pers. comm.) ; up to 1·5‰ for deciduous trees in Tennessee (Garten & Taylor, 1992) ; and up to 1·8‰ for plants in the Sonoran Desert (Ehleringer & Cooper, 1988) . A number of studies have also found that plant 13 C values increase with altitude-gradients commonly being in the range +0·5 to +1·5‰ per 1000 m, with +5‰ per 1000 m reported for a cottonwood tree (Friend, Woodward & Switsur, 1989; Vitousek, Field & Matson, 1990; Korner, Farquhar & Wang, 1991; Marshall & Zhang, 1993; Sparks & Ehleringer, 1997) .
The above changes in 13 C due to differences in soil type, topography, and elevation relate to the responses of a particular species of plant. A major source of regional change in the average 13 C values of the total plant community, however, will probably be changes in the type of dominant species/form. Changes in canopy density, i.e., forest cover, may be considered as part of this. As indicated above, differences between species/ forms, and between dense-canopied and open environments, can both result in plant 13 C values changing by 2‰ or more.
Changes in the Past
Climate change Information on changes in plant 13 C values during the Holocene is mainly based on the very large number of tree-ring studies conducted over the past 20 years. With the exception of recent effects related to human activity (below), changes in tree-ring 13 C during the Holocene are believed to be largely related to climate (Trimborn et al., 1995) . Decadal-scale (Figure 2(b) ) and century-scale (Figure 2(c) ) changes may typically range up to 1‰, although the long tree-ring record from Irish oaks, extending back c. 7000 years, suggests century-scale changes up to 1·5‰ (Figure 2(d) ). Changes of 1·5‰ are also observed in the wood of European pines and for leaves of Salix during the Late Glacial/Holocene period of climatic oscillation ( Figure  2(e) ; Beerling, 1996) .
Changes in atmospheric CO 2
Up to this point in the discussion, variations in plant 13 C have been largely considered in terms of the environmental factors influencing the intercellular CO 2 concentration, p i . With the possible exception of a partial role in ''canopy effects'', the concentration and (Mole et al., 1994) ; 2, Utah, arid grassland (Smedley et al., 1991) ; 3, Kenya (Tieszen, 1991) ; 4, Arizona (Ehleringer & Cooper, 1988); 5, Kenya (Handley, Odee & Scrimgeour, 1994); 6, French Guiana (Huc, Ferhi & Guehl, 1994) ; 7, N. America (Stuiver & Braziunas, 1987; Garten & Taylor, 1992) ; 8, Nebraska plantations (Zhang & Cregg, 1996) ; 9, Fizet et al. (1995) ; 10, Portuguese lichens of different associations (Maguas et al., 1993) ; 11, N. American boreal forests (Brooks et al., 1997) . isotopic composition of atmospheric CO 2 , p a and 13 C a (equation (1)), have been regarded as constant. Over long time periods, however, p a , and possibly 13 C a , are known to have varied.
At natural abundance levels a change in 13 C a occurring on its own will not influence plant physiology, and will therefore produce a direct corresponding change in plant 13 C (equation (1)). Data for gas C values. The ranges of values within different time periods (a-g) may be compared, but not the absolute values. The data were graphically traced from the following sources: (a) wood cellulose of free-standing Scots pine from Europe (Freyer & Belacey, 1983) ; (b) 11-year running mean of the average annual late ring-wood -cellulose 13 C values for 10 oak trees in southwest Finland (Robertson et al., 1997a; Robertson, 1997, pers. comm.) ; (c) wood cellulose from late wood of firs from the Black Forest, Germany, smoothed by Gaussian low pass filter over 100 years (Trimborn et al., 1995) ; (d) wood cellulose of Irish oak (McCormac et al., 1994) ; (e) wood cellulose from European pines (Trimborn et al., 1995) ; (f) 11-point running average of plant material dated at the University of Arizona (Leavitt, 1993) ; (g) boxes are wood cellulose from a variety of global locations (Krishnamurthy & Epstein, 1990) , and circles are leaf cellulose of Pinus flexilis from western U.S.A. (van de Water, Leavitt & Betancourt, 1994). bubbles in polar ice demonstrate that human activity since the Industrial Revolution-the burning of fossil fuels and large-scale changes in land management-has resulted in a 1·5‰ decrease in 13 C a over the past two centuries (Friedli et al., 1986) . This is closely matched by similar, 1-2‰, changes in the 13 C values of tree rings over the same time scale (Figure 2(a) ; Leavitt, 1993) .
Polar ice bubble data for p a extend over more than 200,000 years, and reveal a strong relationship for low values (down to c. 190 ppm) during glacial periods, and higher values (similar to the pre-industrial value of 270 ppm) during interglacials (Barnola et al., 1987; Jouzel et al., 1993) . The theoretical manner in which plant 13 C values might be expected to respond to such changes is not certain, since changes in both stomatal apertures and/or stomatal densities are feasible (Woodward, 1993; Ehleringer & Cerling, 1995 ; but see also Poole et al., 1996) . However, several data sets based on trees, pine needles and other plant material suggest that a decline in plant 13 C values, of perhaps 2-3‰, occurred at some time during the end of the last glacial period, 20,000-10,000  (Figures 2(f), (g) ; Leavitt, 1993) . This corresponds to a period during which atmospheric CO 2 concentrations are known to have increased, though it must be acknowledged that it is often not possible to unravel the effects due to p a alone from those due to possibly concurrent changes in climate and 13 C a .
Summary and Discussion
Uncertainties in estimating plant 13 C values The question posed in the Introduction reduced to:
''what uncertainties might be associated with attempting to estimate the 13 C value of a specific C 3 plant food resource, averaged over an animal/human territory (100-1000 km 2 ) and life time (10-40 years), at a particular place and time in the past? '' In this section it is assumed that the estimate will be based on the analysis of some available sample material, and that uncertainties result from the fact that this material will not be ideal. ''Ideal'' sample material may be defined as a collection of the food parts from many individuals of the plant species, fully representative of the 100-1000 km 2 , 10-40 year territory/life time average, from the place and time of interest
The uncertainties are summarized in Table 4 , in terms of how the available sample material might differ from ''ideal'' material. It must be noted that factors relating to the imperfect preservation of fossil plant material are not discussed. Several situations might be considered.
(1) Remains of the specific food parts are available for the appropriate place and time, e.g., they are associated with the animal/human remains that are the subject of palaeodietary study. In this situation uncertainties will arise if the amount of sample material is small, and not representative of the larger territory/life time average. Thus, growth of only one season/year (e.g., a single crop harvest) may deviate from decadal averages by 1‰, and remains of single plants will be subject to additional intra-population variations of 1·5‰. Further uncertainties, 2‰, may be expected if the food material grew in a canopied environment. *Problems of imperfect preservation of fossil material are not considered. †''Ideal'' material is defined as a collection of food parts from many individuals of the plant which had grown over an area of 100-1000 km 2 , and over a period of 10-40 years, at the place and time of interest. ‡Average temperature ( C) and relative humidity (% r.h.) in mid-summer months.
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(2) Abundant plant remains representing a territory/ life time average are available for the appropriate place and time, but are not food parts and/or are not of the plant species/form of interest. This may result in uncertainties up to 1·5 and 4‰, respectively (Table 4) . In some cases a knowledge of the relative 13 C values of the different parts and species/forms of modern plants may allow a correction to be applied to reduce these uncertainties. Remains of wood from forest trees, however, will present a problem if the source of the wood is not known. Trunk wood appears to be relatively uniform, and its 13 C value may be indicative (with appropriate correction for leaf-wood differences) of the average values for leaves in the upper part of the canopy. Wood from lower branches, however, may have more variable and lower 13 C values. (3) Plant remains are available for the appropriate time, but not for the location. In Europe and North America, for example, detailed tree ring records are being developed extending over several thousand years (e.g., Figure 2 ). If it is assumed that other terrestrial plants respond to environmental changes in a manner similar to trees (but see below), then it may be possible to use tree-ring records to correct for the effects of past regional temporal changes in climate and atmospheric CO 2 . Uncertainties in characterizing the 13 C values of plants at a particular place will then be associated with more local geographic changes in climate, altitude and soil characteristics (''Not from same area'' Table 4 ). (4) No plant sample material is available for the appropriate place or time. The only recourse in this situation is to use data for the 13 C values of modern plants growing in climatic/environmental conditions believed to be similar to the palaeoconditions. Uncertainties will arise from how well these conditions are known, particularly for preHolocene situations (''glacial/interglacial differences'', Table 4 ). Any information derived from modern plants would also have to correct for the c. 1·5‰ change in plant 13 C values that has occurred as a result of human activity over the past 200 years.
In each of the above situations individual sources of uncertainty are commonly at least 1‰, and in most cases there will be several sources of uncertainty accumulating to at least 2‰.
Implications for palaeodietary studies
The above discussion relates to uncertainties in estimating the absolute 13 C values of C 3 plant food resources. With the possible exception of uncertainties associated with intra-population variations and plant part differences, however, the data summarized in Table 4 are equally relevant to palaeodietary studies where conclusions are often based on differences between the 13 C values of individuals or populations of animals/humans.
Before considering how the factors in Table 4 may  influence animal/human 13 C values, a particular aspect of the plant data must be emphasized. The data presented here on the spatial and temporal variation in the 13 C values of plants are essentially a summary of studies where, in each study, usually only one plant species has been investigated. Thus the data for temporal changes in 13 C summarized in Figure 2 , which suggest variations of up to 1-2‰ depending on the time scale, are almost exclusively based on trees. Many herbivores, and certainly humans, however, eat a variety of plant foods. If tree-ring records for a particular area indicate, for example, century-scale changes of c. 1·5‰ in 13 C (e.g., Figure 2 (d)), does this necessarily imply that other plants in the same area, e.g., food plants as a whole, will show variations of similar magnitude? There is little or no information on this. In a given area, however, all plants are exposed to broadly the same climate/environment, and will experience similar changes in climate/environment if these vary spatially or temporally. It is assumed here that: (1) the change in a plant's 13 C value resulting from a change in climate/environment will be in the same direction for all plant species, and (2) although the magnitude of the change in 13 C may differ for different species, the values in Table 4 are representative of plant communities as a whole.
The significance of short-term, seasonal/annual variability in plant 13 C values in palaeodietary studies will depend on the type of human/animal material analysed. For components with a short turnover time, such as cholesterol (Stott & Evershed, 1996) , some of the differences between the 13 C values of different individuals may relate to seasonal/annual variations in the plant foods consumed in the months prior to death ( 1‰ , Table 4 ). Where 13 C values are based on components with a long turnover time (e.g., bone collagen), these variations are negated.
Where different species of herbivore are compared, dietary preferences for particular plant parts or species/ forms, or for living in canopied versus open habitats, may account for differences of up to 4‰ (Ambrose, 1986; Fizet et al., 1995; France, 1996; Iacumin et al., 1997) . Comparisons of the same animal species at different locations need to consider large-and localscale geographic differences in climate/environment (Table 4; van Klinken et al., 1994, in press ). Comparisons of the same animal species at different times must consider the up to 2‰ longer term temporal changes in plant 13 C values. Several studies of the 13 C values of fossil animal remains have made comparisons with modern equivalents, for example, without taking into account the c. 1·5‰ change in plant 13 C values occurring during the past 200 years.
The 13 C values of animal/human remains are sensitive to the influences of spatial, species and temporal variations in the 13 C values of plants. It appears that influences arising from a single type of variation may commonly be 1‰, and there will be circumstances where a combination of variations may have effects of at least 2‰. Some progress is being made to take certain forms of plant 13 C variation into account (van Klinken et al., 1994, in press) , but there will be many cases where the influence of plant variability on the 13 C values of animal/human remains may not be apparent. Differences between the 13 C values of different animal/human populations, which often amount to only a few per mil in C 3 areas, may then be erroneously ascribed to other (e.g., dietary) causes.
